The susceptibility of human immunodeficiency virus type 2 (HIV-2) to protease inhibitors (PI) is largely unknown. We studied HIV-2 protease genes from 21 HIV-2-infected patients who were exposed or not exposed to PI. The aim of this study was (i) to characterize the polymorphism of HIV-2 protease in the absence of drug, (ii) to know whether the HIV-2 protease gene naturally harbors HIV-1 drug resistance codons, and (iii) to identify mutations emerging under PI-selective pressure. Sixty-five HIV-2 RNA or proviral DNA samples were directly sequenced from the plasma or peripheral blood mononuclear cells of 8 patients who had received PI and 13 patients who had never received any antiretroviral. In untreated patients, the highest amino acid variability in HIV-2 protease was observed at positions 14, 40, 43, 46, 65 and 70, and seven codons (10V, 32I, 36I, 46I, 47V, 71V, and 73A) associated with drug resistance in HIV-1 were highly prevalent. In addition, at six positions (positions 7, 46, 62, 71, 90, and 99), the amino acid variability or the amino acid frequencies or both differed significantly in PI-treated and untreated patients, suggesting that mutations 7K3R, 46V3I, 62V3A/T, 71V3I, 90L3M and 99L3F were occurring under PI-selective pressure. At these positions, at least one sample simultaneously harbored both wild-type and mutated codons, while substitutions at positions 62, 71, 90, and 99 were confirmed in a longitudinal analysis. Moreover, the presence of codons 46I and 99F in the absence of drug in HIV-2 subtype B proteases may reflect natural resistance to PI. In conclusion, the present study revealed that HIV-2 strains harbor specific patterns of natural polymorphism and resistance.
The human immunodeficiency virus type 2 (HIV-2) was first identified in 1986 in West Africa (10) . In this area, the prevalence of HIV-2 infections varies from 1 to 10% or more depending on the country (18, 22, 31, 45) . The majority of cases identified outside West Africa have been in European countries, mostly in Portugal, where HIV-2 infections account for 10 to 13% of HIV infections (36) . It is estimated that approximately 1% of HIV-infected patients in France could be infected with HIV-2. In the Marseilles area, HIV-2 is responsible for approximately 0.6% of cases of HIV infections and 0.4% of cases of AIDS. Seven HIV-2 subtypes, A through G, have been identified to date (8, 17, 27, 38, 46) , but subtype A is the most common worldwide (17, 46) and in France (11) . Although both HIV-1 and HIV-2 can cause AIDS and have similar clinical and biological characteristics (9, 19) , major differences can be highlighted: plasma HIV RNA titers are lower in HIV-2-infected patients than in HIV-1-infected patients (3, 4, 12, 30, 35) , individuals infected with HIV-2 have a slower disease progression (2, 24, 37, 44) , and HIV-2 shows lower transmissibility (1, 2, 23, 24, 44) compared with HIV-1. These factors explain at least in part why HIV-2 is less disseminated worldwide than HIV-1 (5, 13, 26) . In developed countries, some HIV-2-infected individuals have been treated with antiretroviral agents.
However, until now, no large-scale clinical trial has been conducted and systematic quantitation of HIV-2 RNA levels in plasma has not been available in clinical practice. Moreover, in areas where HIV-2 infection is endemic, access to antiretroviral drugs is limited. Thus, little information is available on the clinical efficiency of antiretroviral drugs in HIV-2-infected patients and on HIV-2 drug resistance mutations (34) . Although protease inhibitors (PI) have contributed to the significant reduction of morbidity and mortality due to HIV-1 infection in developed countries (25, 42) , their efficacy against HIV-2 has been poorly documented. Moreover, the few studies related to PI resistance of HIV-2 are controversial: HIV-2 isolates appear to be sensitive in vitro to most PI according to some authors (40, 41) , whereas they could be intrinsically resistant to at least some PI according to others (G. Collin, D. Descamps, C. Apetrei, F. Damond, S. Souquiere, I. Loussert-Ajaka, F. Simon, and F. Brun-Vezinet, Abstr. 2nd Int. Workshop HIV Drug Resist. Treat. Strategies, abstr. 48, 1998; J. Goncalves, S. Coellio, F. Antunes, and J. Monitz-Pereira, Abstr. 11th Int. Workshop HIV Drug Resist. Treat. Strategies, abstr. 32, 2002) . To date, only one study has reported the presence of genotypic changes in the protease gene of HIV-2 which could be drug resistance-associated mutations (34) . The present study was done with both untreated and PI-treated patients and had three objectives: (i) to characterize the polymorphism of the HIV-2 protease in the absence of PI; (ii) to know whether natural polymorphisms are found at homologous positions in the HIV-2 and HIV-1 protease and whether amino acids that confer resistance to PI in HIV-1 are found in HIV-2; and (iii) to identify mutations emerging under PI selective pressure.
MATERIALS AND METHODS
Patients and sequences. Our cohort included 31 HIV-2-infected patients being treated at different hospitals in Marseilles and the surrounding area. Twenty-one HIV-2 protease sequences were available from 13 patients who had never undergone antiretroviral therapy, and 35 sequences were available from 8 patients receiving PI-containing regimens. For three PI-naive patients and five PI-treated patients, 11 and 32 sequences were available, respectively, from sequential samples. For one PI-treated patient, a sequence was also available before initiation of antiretroviral therapy. Nine sequences from three patients treated with nucleosidic inhibitors of reverse transcriptase (RT) were also analyzed. In all, 65 sequences were studied. They included 27 DNA and 38 RNA sequences. Both DNA and RNA sequences were analyzed when available for the same sample. However, for the statistical analysis, DNA sequences were excluded to avoid considering the same sample twice.
Nucleic acid extraction and purification. Whole blood was collected in tubes containing EDTA. Plasma was aliquoted after a centrifugation step and stored at Ϫ80°C until it was processed. Viral RNA was concentrated from 500 l of plasma by ultracentrifugation for 1 h at 17,000 ϫ g and then extracted using the QIAamp Viral RNA Kit (Qiagen, Courtaboeuf, France). It was eluted in 50 l of elution buffer. Peripheral blood mononuclear cells (PBMC) were separated from blood samples collected in EDTA by Ficoll-Hypaque centrifugation (Eurobio, Les Ullis, France). Aliquots containing 1 ϫ 10 6 to 5 ϫ 10 6 PBMC measured by cell count were frozen as dry pellets at Ϫ80°C until they were processed. The PBMC pellets were thawed, and total DNA was extracted using a QIAamp DNA minikit (Qiagen). Prepared RNA and DNA were directly analyzed or stored at Ϫ80°C.
Nucleic acid RT-PCR or PCR amplification. (i) RNA amplification.
A 10-l sample of extracted viral RNA was retrotranscribed and amplified using SuperScript One-Step RT-PCR with Platinium Taq (Invitrogen Life Technologies, Carlsbad, Calif.) using 50 pmol of the outer primers (forward: H2Mp1, 5Ј-GG GAAAGAAGCCCCGCAACTTC, 1,859; reverse: H2Mp2, 5Ј-GGGATCCATG TCACTTGCCA, 3,612; the primer location was defined in reference to HIV-2 ROD [GenBank accession number M15390]). Protease and RT genomic regions were amplified in the same PCR product of 1,753 bp. This amplification was carried out in a 50-l reaction mixture under the conditions recommended by the manufacturer. RT-PCR involved a retrotranscription step at 45°C for 30 min, followed by a polymerase activation-initial denaturation step at 94°C for 2 min, 40 amplification cycles (for 30 s at 94°C, 45 s at 56°C, and 2 min at 72°C), and then an elongation step at 72°C for 10 min. Nested PCR was performed using 1 to 10 l of the previous amplification product, 50 pmol of inner primers (forward: H2Mp3, 5Ј-ACTTACTGCACCTCGAGCA, 2,020 bp; reverse: H2Mp4, 5Ј-CCCAAATGACTAGTGCTTCTT, 3,527 bp), 0.2 mM each deoxynucleoside triphosphate, 1X polymerase buffer (Roche, Mannheim, Germany), and 2.5 U of enzyme in a final volume of 50 l to obtain a genomic fragment of 1,507 bp. PCR conditions were as follows: denaturation at 94°C for 2 min followed by 40 cycles (for 30 s at 94°C, 45 s at 58°C, and 2 min at 72°C), and then incubation at 72°C for 5 min. The PCR products were analyzed in a 1.5% agarose gel with ethidium bromide.
(ii) Proviral DNA amplification. Procedure and primers were identical to those described above for amplification of RNA, except for the reverse transcription step. A 10-l volume of extracted HIV-2 DNA was initially used.
DNA and RNA pol analysis. The resulting PCR-amplified DNA fragments were purified using Multiscreen PCR (Millipore, Molshein, France) as specified by the manufacturer. The PCR product was used as the DNA template for nucleotide sequencing analysis of the HIV-2 protease-RT coding region with eight primers (forward: H2Mp3; H2Mp6, 5Ј-AAAAGAGATCTGTGCAAAAA TGG, 2,482 bp; H2Mp9, 5Ј-GGATGATATCTTAATAGCTAG, 2,932 bp; reverse: H2Mp5, 5Ј-AGTTTTGGTCCATCTTTCCC, 2,441 bp; H2Mp7, 5Ј-GGG TATTATAAGGATTAGTTGG, 2,555 bp; H2Mp8, 5Ј-AATTGCTGGTGATC CCTTC, 2,857 bp; H2Mp10, 5Ј-GATGTCATTGACTGTCC, 3,151 bp; H2Mp4). Cycle sequencing of both strands was performed on the GeneAmp PCR system 9600 instrument (Applied Biosystems, Branchburg, N.J.) with the Big Dye Terminator cycle-sequencing kit (Applied Biosystems). Excess dye-labeled terminators were removed from the extension products on Sephadex G-50 Superfine on NAHVN 4550 plates (Millipore), and the purified products were sequenced on an ABI Prism 3100 genetic analyzer (Applied Biosystems). The nucleotide sequences of the protease-RT genes were aligned and translated with the Auto Assembler and Sequence Navigator software programs (Applied Biosystems) by using the sequences of HIV-2 ROD and HIV-1 HXB2 (GenBank accession numbers M15390 and K03455, respectively), as references.
Variability study. We created the ASVARAP program (http://ifr48.free.fr /recherche/jeu_cadre/jeu_rickettsie.html), which works with a Microsoft Excel file and automatically analyzes, reveals, and graphically represents amino acid variability in a set of sequences. We generated alignments in Genetic Data Environment format from our sets of sequences with ClustalX v.1.8 (39) . Our program calculated the proportion of sequences that harbored an amino acid at a given position that was not the most frequently found in the studied set of sequences.
Statistical analysis. Chi-square or Fisher tests were used to assess the significance of differences between sets of sequences.
RESULTS
Patients and HIV-2 protease sequences. The main epidemiological, immunological, and clinical features of the 31 patients are summarized in Table 1 . Twenty-six individuals had been infected several years beforehand, and five were newly diagnosed during the previous year. Twenty-eight patients have been followed up until now, two were lost to follow-up, and one died. The mean length of follow-up was 48 months (range, 6 to 139 months). Twenty-six individuals were from or had epidemiological links with sub-Saharan Africa, four were French without epidemiological links with areas of high HIV-2 endemicity, and one case was not documented. The means of HIV-2 transmission were heterosexual contact in twenty-six cases, heterosexual contact plus intravenous drug use or transfusion in two cases, transfusion in one case, and unknown in two cases. Twenty-two patients were at stage A, three were at stage B, and six were at stage C according to the Centers for Disease Control and Prevention classification (1993). Sequencing and phylogenetic analysis could be carried out for 25 patients and indicated that they were infected by HIV-2 subtype A (n ϭ 21) or B (n ϭ 4). Thirteen patients received antiretroviral therapy, and 16 were never treated. Two cases were not documented. The median duration of treatment was 36 months. Among the treated patients, 11 received PI in association with RT inhibitors and were treated for a median of 28 months (range, 2 to 60 months). The median CD4 cell count at the beginning of follow-up was 452 cells/mm 3 . The lowest CD4 cell count reached during follow-up ranged from 4 to 1,192 cells/mm 3 , with a median of 243 cells/mm 3 . Finally, 65 sequences of the HIV-2 protease from 21 patients were studied. For analysis of natural polymorphism and natural resistance, we used 21 sequences from 13 of the 16 patients who had never received any antiretroviral therapy. For analysis of amino acid changes selected under PI selective pressure, we used 35 sequences from 8 of the 11 patients treated with PI.
Natural polymorphism in HIV-2 protease. The sequences obtained from patients who had never been treated were used for analysis of natural polymorphism. We considered that an amino acid position was polymorphic when at least two different amino acids were found. Amino acid variability at a given position was established by calculating the percentage of sequences harboring an amino acid that was different from the most frequent one at this position in the set of sequences. Twenty-one sequences from 13 untreated patients were analyzed (Fig. 1A) . We found that 34 (34%) of the 99 amino acid positions of HIV-2 protease varied spontaneously. As shown in than 30% of the sequences were variable. Position 40 harbored six different amino acids. Interestingly, three areas from positions 25 to 32, 48 to 56, and 78 to 87 were free of mutations in all sequences from untreated patients. Analysis of positions that are classically associated with HIV-1 drug resistance. In the second step of our analysis, 21 positions associated with HIV-1 drug resistance according to the International AIDS Society (http://www.iasusa.org/resistance _mutations/resistance.pdf) were compared with the same positions in HIV-2 protease sequences from naive patients. We found that the amino acids mostly or always found at seven positions in sequences of the HIV-2 protease corresponded to those conferring resistance in HIV-1: 10V, 32I, 36I, 46I, 47V, 71V and 73A ( Table 2) .
Identification of PI resistance mutations. In the present study, mutations were considered to be selected under a PIcontaining antiretroviral regimen based on the presence of at least two of the following criteria: (i) a significantly higher amino acid variability at a given position in PI-treated than in naive patients; (ii) a statistically significant difference between the frequency of amino acids at a given position in naive and PI-treated patients; (iii) progressive selection of mutated codons observed in longitudinal studies under selective pressure in PI-treated patients, and (iv) simultaneous presence as a mixture of codons considered as wild-type and mutated in at least one sequence. A significantly higher amino acid variability was found at positions 7, 62, 71, 90, and 99 in PI-treated patients than in treatment-naive patients (P Ͻ 0.05): 30 versus 0%, 37 versus 6%, 48 versus 6%, 30 versus 0%, and 52 versus 12%, respectively (Fig. 1) . Moreover, the frequencies of amino acids 46I, 62A/T, 71I, 90M, and 99F were significantly higher in the PI-treated patients than in the untreated patients (P Ͻ 0.05) ( Table 3 ). An arginine was found at position 7 in 0% of sequences from untreated patients and 18.5% of sequences from PI-treated patients, but the difference was not statistically significant (P ϭ 0.07). The presence of mixtures including both wild-type and mutated viral populations at positions 7, 46, 62, 71, 90, and 99 was observed in at least one sequence obtained from a single blood sample. Longitudinal analysis of five PItreated individuals showed the progressive selection of mutations 62V3A/T, 71V3I, 90L3M, and 99L3F. Finally, these results led us to speculate that the substitutions 7K3R, 46V3I, 62V3A/T, 71V3I, 90L3M, and 99L3F were occurring under selective pressure by PI. Interestingly, the mutated amino acids found in HIV-2 sequences at positions 46 and 90 are major codons of resistance to PI in HIV-1 protease.
HIV-2 subtype specificities. In our study, the HIV-2 strains obtained from antiretroviral-naive patients were classified as belonging to subtype A (n ϭ 11) or B (n ϭ 2) based on pol sequence analysis ( Table 1 ). The amino acid homology between consensus protease sequences of subtypes A and B was 82%. We identified several codons which could represent a specific subtype signature. For example, in subtype A sequences, positions 12, 67, and 91 harbored a threonine, a
FIG. 1. Amino acid variability at each site of HIV-2 protease for untreated individuals (A) and patients treated with protease inhibitorcontaining regimen (B)
. The variability was considered to be the percentage of sequences that contained, at a given position, an amino acid that was not the most frequently found in the studied set of sequences. Amino acid positions of interest (highly variable or potentially associated with resistance to protease inhibitors) are in bold type. Hatched bars indicate positions thought to be associated with resistance to protease inhibitors. Associations or exclusions of mutations. We studied the potential associations or exclusions of amino acids at each position in HIV-2 protease in all of the available HIV-2 protease sequences. Amino acid 90M (observed in 11 of 65 sequences) was rarely associated with amino acid 7R (in one sequence), 62A or 62T (in one sequence), or 99F (in four cases). In contrast, amino acid 7R, found in eight sequences only from PI-treated patients, was always associated with amino acid 46I and in most cases was associated with amino acid 62A or 62T (in six sequences), amino acid 71I (in seven sequences), or amino acid 99F (in six sequences).
DISCUSSION
We analyzed 65 HIV-2 protease sequences from 21 HIV-2-infected patients. Although they have similar structures (40), HIV-2 and HIV-1 proteases are approximately 50% divergent in their amino acid compositions (21) . Moreover, differences in conformation (32) and interaction parameters with substrates or PI have been described (15, 29, 43) . It is important to know if natural polymorphism and mutations which confer resistance to PI in HIV-1 are found at homologous positions in the HIV-2 protease. Natural polymorphism patterns are radically different in HIV-2 and HIV-1 proteases. In our study, highly polymorphic positions of HIV-2 protease from antiretroviral-naive patients (positions 14, 40, 43, 46, 65, and 70) were generally highly conserved in HIV-1 strains. The highest levels of natural polymorphism in HIV-1 were observed at positions 35, 37, 41, 62, 63, 64, 77, and 93 (7, 20) . In addition to rough differences in amino acid composition between HIV-2 and HIV-1 (21), our findings indicate that natural polymorphisms occur at specific and different positions in HIV-2 and HIV-1 sequences. For example, position 63, which is highly polymorphic in HIV-1 strains (7, 20) , harbored only a glutamic acid in HIV-2. The extent to which polymorphism influences or predisposes to the evolution of drug resistance remains to be determined (7, 16, 28) . In contrast, we observed that the three regions from positions 25 to 32, including the active site of HIV protease, 48 to 56, corresponding to the flap region, and 78 to 87 were mostly conserved (6) . Interestingly, the last three regions were equally conserved in HIV-1 protease and harbored the same amino acids at most positions (7, 20, 21) , strongly suggesting a common structural backbone for both enzymes. In the sequences from antiretroviral-naive HIV-2-infected patients, we found HIV-1 drug resistance-associated codons in most cases (amino acids 36I, 46I, and 71V) or in all cases (amino acids 10V, 32I, 47V, and 73A). Of the HIV-2 sequences from untreated patients, 59% harbored an isoleucine at position 46, corresponding in HIV-1 to a major drug resistance mutation to indinavir (IDV) and to a minor drug resistance mutation to Treat. Strategies, 1998). As a matter of fact, the concept of natural drug resistance has already been suggested for HIV-1 group O isolates with respect to nonnucleosidic RT inhibitors: a tyrosine-to-cysteine substitution at codon 181 of the RT gene was associated with high-level phenotypic resistance (14) . Recently, a structural study suggested that the presence of an isoleucine at position 181 of HIV-2 RT could contribute to the inherent drug resistance of HIV-2 to nonnucleosidic RT inhibitors (33) .
Genotypic studies of the development of in vivo drug resistance in HIV-2-infected patients are rare (34; D. Descamps, F. Damond, S. Matheron, I. Farfara, S. Lastere, P. Campa, P. Foiny, S. Pueyo, G. Chene, F. Brun-Vezinet and the ANRS French HIV-2 cohort, Abstr. 11th Int. Workshop HIV Drug Resist. Treat. Strategies, abstr. 138, 2002), and no trial of antiretroviral therapy in HIV-2-infected patients has been reported to date. In contrast to HIV-1 infection, we lack data providing accurate information about the impact of primary or secondary protease mutations on both viral fitness and the level of drug resistance in HIV-2 infection. In the present study, all eight patients undergoing antiretroviral treatment received NFV whereas the other PI were given sequentially: IDV (four patients), RTV (four patients), LPV/r (two patients), saquinavir (SQV) (one patient), and APV (one patient) ( ). In our study, the K7R mutation was found in the patients treated with LPV/r, RTV, or SQV and in most cases seemed to be associated with an isoleucine at positions 46 and 71, an alanine or a threonine at position 62, and a phenylalanine at position 99. The L99F mutation was selected by NFV-, LPV/r-, SQV-, or IDV-containing regimens, suggesting a relatively broad cross-resistance spectrum. In addition, our data, although limited by the number of the samples studied, suggest that a natural resistance to PI could be subtype dependent since HIV-2 strains of subtype B from PI-naive patients display both V46I and L99F mutations. The clinical significance of the substitutions that we described as being associated with PI selective pressure warrants further investigation and confirmation by both phenotypic and site-directed mutagenesis studies.
In conclusion, this genotypic study of HIV-2 protease revealed that despite an amino acid identity of approximately 50% between HIV-2 and HIV-1 proteases, HIV-2 strains harbor specific hot spots of natural polymorphism and resistance profile (both natural and drug selected). On the one hand, we found amino acids associated with PI resistance in HIV-1 at 7 positions in HIV-2 protease which could be associated with natural resistance of HIV-2 to PI. On the other hand, we described six amino acid substitutions that seemed to emerge under selective pressure by PI. Two of these last substitutions are major PI resistance mutations in HIV-1 (V46I and L90M), but we described three new amino acid substitutions at positions 7 (K3R), 62 (V3A/T), and 99 (L3F) selected under PI pressure and not present in HIV-1. In contrast, as in HIV-1 protease, we identified three conserved areas in HIV-2 protease which could represent critical regions for the preservation of a functional and stable structure.
